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ANINVESTTGATLONOF !BE CONTROL-SURF'ACE tiUT!I!EZ 

DERmmmS OF AN NACA 651-213 AIRFoIL’m 

THE AMES164330Tm&SPREDWIRD Tclxim 

ByJdhnA.Wyss andRobertM.Soreuson 

Control-surface flutter derivatives were determined for a sinu- 
soidallf oscillating dontrol surface mounted on a two4iraeusional fixed 
airfoil for a range of reduced frequency based on the semichord from 
0.05 to 2.00 for twa angles of attack, 00 and 40. Themdelhadan 
NACA 65p213 (a = 0.5) profile, tith the control surface hinged at the 

. 

75-percent-chord positfon. For tich nunibers less than the critical, 
the magnitudes of the resultant hinge-mment coefficients were in 
reasonable sgreement ~9th the value predicted by the theory of Theodorsen 
(NAM Rep. 496, 1935). Phase angles, however, were consistently smaller. 
For Mach numbers greater than 0.4, the discrepancy in phase angle 
resulted in imaginary components of the hiuge-moment coefffcients which 
were of opposite sign from those predicted by the theory, For super- 
critical Mach nlmibers, large values of negatfve aer c dmping were 
found for values of reduced frequency from 0.20 to 0. for Mach nunibers 
more than 0.06 above the Mach numbers for lift divergence. This tupli- 
cation of a self-excited oscillation and single-degree-of-freedom type 
of flutter was confirmed by the existence-of free flutter of the control 
surface, self-excited oscillations occurring near 0.75 and 0.80 Mach 
numbers for ho and O" angles of attack, respectively. 
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INTRODUCTCON 

Previous investigations of the single-degree-of-freedom type of 
flutter have established qualitative relations between flow separation, 
shock-wave motion, and contiol-surface instability at speeds above the 
critical. (See references 1 to 3.) Since data presented in these refer- 
ences were obtained primarily during unrestrained control-surface 
oscillation, quantitative hinge-moment data were limited to the crftical 
speeds and to the frequencies of free flutter. The present investiga- 
tion was undertaken to determine systematically the qerimental hinge- 
moment coefficients for a wide rauge of frequencies and Mach numbers 



2 NACARMA5lJlO 

as well as for those particular conditions at Rich free flutter occurs. 
In this manner, it washoped a better understanding of the effects of 
compressibility at tran&onic speedscouid be'obtained. Also, a direct 
comparison could be made with existing theories such as those developed 
by Theodorsen (reference 4) and Dietze (reference 5), based on incam- 
pressible and cmressible flow, respectively; In addition, a compari- 
son could be made with a previous investigation at 10% speeds reported 
in reference 6. 

To acrom&lish these moses, an investigation of the aerodynamic 
hinge moments on a sinusoidally oscillating control surface mounted on 
a two-dimensional. fixed airfoil was conducted in the Ames 16-foot high- 
speed wind tunnel, The model used had the NACA 651-213 (a = 0.5) pro- 
file with a round-nosed control surface hinged at the 75-percentkhord 
line of the airfoil. The aerodynamic forces acting on the control 
surface were measured directly through the use of electrical pressure 
cells flush with the airfoil surface and an electrical s~umning circuit 
which enabled the direct recording of the total aerodynamic hinge 
moment. The control surface was driven at frequencies from 5 to 37 
cycles per second at Mach numbers from 0.2 to 0;8, which corresponded 
to a range of reduced frequerlcy based on the airfoil semichord from 
0.05 to 2.0. The corresponding range of Reynolds nmber, for this 
investigation, based on the airfoil chord was frcm 5 ko ll million. 
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NOTATION 

Coefficients and Symbols 

semichord of airfoil, feet 

control-surface chord, feet 

section control-surface hinge moment per unit flap deflection, 
foot pounds per radian 

J=T .- _ . _.-_. 

reduced frequency 
0 

(Jb 
V 

reduced velocity, reciprocal of reduced frequency 

free-stream Mach nu&er 

lift-divergence Mach number 
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9 free-&earn dym.mic pressure, pounds per square foot 

V velocity of free stream, feet per second . 

%I section control-surface hinge-moment coefficient per r&Ian 
(ch& + f%Q = ns/wg4 

-r real component of sect&on control-surface hinge-moment 
coefficient per radian, in phase with flap position r =h& c@sG 

wi imaginaxy coxgonent of section control-surface hUge=moment 
coefficient per radian, or aerodynamic danrping, in phase = Ch,q 51r1# 

I with flap velocitg 

a angle of attack of airfoil relative to free stream, degrees 

6 angular displacement of control surface relative to airfoil 
chord, radians 

8 phase angle between control-surface displacement and. resultant 
control-surface hinge mment, degrees 

P mass density of air, slugs per cubic foot 

u contiol-surface circuIsz frequency, radians per second 

Vector Hot&km 
oo"<nss~~~o 

ti 
Direction of 

+r 

6, flap position 

Stable 
180°ce<3600 

and moments about 
the hinge line 

F 
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APF'ARATTJS AXOMETBOD 

Tunnel, Model, and Control-Surface Drive 

NACA RM A5L%LO 

Two walls approximately 16.feet high and 20 feet long were 
installed 18-i/2 inches apart in the Ames 16-foot high-speed wind 
tunnel to form a two-dimensional test section, A photograph of the 
model mounted between these walls is shown in figure l(a). In fig- 
ure l(b) is shown the control-surface oscillator and drive motor 
mountedontap ofthetunnel,with some of the electronic equipment 
used for the instrumentation shown in the foreground. 

The model, constructedofwoodandaluminum,hada chord of 4feet, 
the IUCA 651~3 (a = 0.5) profile, and an 18=1/8=inch span. The con- 
trol surface had ~~chwd length equal to 25 percent of the airfoil 
chord and Gas of the round-nosed, unsealed type with a 1/6Linch nose 
gq~ andno aerodyramicbalance, The space6 between tie model and the 
motmtingwalh were sealedwith sponge rubber fromtheleading edge to 
the control-surface hinge line. 

A sector arm, splined to one end of the control-surface torque 
tube within one of the walls, was connected to springs above and below 
the test section. Sinusoidal angular motion with adjustable amplitude 
and frequency was ms+ed to the control-surface system by a mechani- 
c&l oscillator driven by a variable-frequency induction motor. A 
diwganuuatic sketch of tie drive system is shown in figure 2. 

Instrumentation 

An IVACA slide-wire position transducer was attadbed to the sector 
arm and to the stationery portion of the airfoil for measuring the 
control-surface deflection angle. The control surface was instrumented 
tith 16 electrical pressure cells flush with the upper and lower sur- 
faces along the mid~pan of the model. The pressure cells on each . 
surface were at the following positions in terms of percent chord from 
the leading edge: 79.42, 85.67, %9& %49, 93.72, 95.71, 97.52, 
and gg,1g. Tote pressure cells were solocatedthateach cellrepre- 
sented a region having equal sxea moment about the flap hinge line, 
thereby allowing computation.of aerodynamic hinge moments from direct 
electronic summation of the electrical responses from the individual 
pressure cells. The electrical responses from each cell, from the 
summing circuit, and from the control-surface position transducer were 
recorded on oscillographs. The basic electronic apparatus and pressure 
cells used in this investigation are described in reference 7. 
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* Static -bration of the slide-wire transducer, of'the individual . 
pressure cells,andofthe summing circuitwas madebefore andafter 
eachrun. The electrical response of the slide-wire transducer had a 
linear variation with chs&es in angle of deflection of the contzol , 
surface. The pressure cells, which were individually adjusted to equal 
sensitivity, and the sumning circuit were calibrated by visually read- 
ingandrecordingthe chauges intheirelectricalresponses due to 
known changes in pressure. These calibrations were also linear. Static 
calibrations were used since dynamic tests Indicated au qlitude 
response that corresponded to the static calibrations of the pressure 
cells for the frequency range of the tivestigation, with no detectable 
phase errors, 

With I&ch nmiber and angle of attack constant, oscillograph records 
for time intervals of about 2 seconds were taken for several frequencies. 
!Lhe control surface was always oscillated about a O" mean angle with 
respect to the airfoflwith a~@itudes of ~k3O. Records were taken with 
the followbg range of variables: angle of attack, O" and ho; fre- 
quency, 5 to 37 cps; Kach ntmiber, 0.2 to 0.8. The Reynolds nuniber based 
on the airfoil chord varFed between 5 and 11 mUlIon with the variation 
of Each nmiber. 

The control surface was oscillated In stTll air and records were 
made for several frequencies to determine the inertia effects on the 
pressure-cell diaphragm. The inertiaeffects were also calculatedusing 
the average weight of three different cell diaphragms. A conq?arison of 
the calculated and ex;perimental results, reduced to coefficient form, 
is shown in figure 3 for an assumed free-stream Mach nmiber of 0.75. 
EXmilar tests made tith each cell capped to isolate the inertia effects 
from possible effects of air loads gave similsz results. 

Reduction 8nd Precision of Data 

Oscillograph records iILLustrative of the type of data obtained in 
this investigation sxe shown Fn figure 4. A cmarison of figure 4(b) 
with figure &(a) indicates the necessity for harmonic analysis of the 
data due to the nonsinusofdal nature of the pressure fluctuations when 
the free-stream Mach number was above the critical. The ccmponents of 
the aerodynamic hinge moment in phase with control-surface position and 
in phase with the control-surface velocity were de terminedfromahar- 
manic analysis of three consecutive cycles of the control-surface sum 
circuit and position traces. A correction for the inertia force due 
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to acceleration of the diaphragm determined from the runs made in still 
afr was applied to the hinge-moment co-one& in phase with positfon. 
Only the hinge moments of the fundsmental frequency from the harmonic 
analysis were used since it has been shown that a harmonic force with 
a frequency Wferent from that-of the motion does zero net work in a 
tie interval which includes an integral number of cycles of both force 
and motion. (See reference 8.) 

The data were not corrected for wind-tunnel-wall effects. The 
magnitudes of tunnel-wall corrections calculated from reference 9, 
which included noncirculatory as well as circulatory terms of the 
theoretical coefficients, were found to be less than the experimental 
scatter of the reduced data. The calculatid correction effectively 
reduced the resultant hinge -moment coefficient by less than 5 percent 
at a reduced frequency of 0.075, end by less than 1.0 percent as the 
reduced frequency increased to 0.80 with little or no change of phase 
angle. Since there is no presently available analysis of tunnel-wall 
corrections for oscillating air forces which takes into account the 
effects of the co~ressibility of the air, this effect is unknown. 
However, it is assmd that this effect was relatively minor since 
corrections based on incompressible flow are so small. End effects at 
the model-and-wall Junctures are of unknown magnitude but are con- 
sidered negligible in the present investigation as air forces were 
measmed only along the midspan of the model and it was assumed that 
the flow was two-dimensional. 

The precision of the data presented is primarily dependent upon 
the error Lnvolved in reading the oscillograph records, the accuracy 
in the determination of calibration constants, and how closely the 
summation of the individual cell readings represented the actual aero- 
dyns,mic hinge moment on the control surface. 

From the original oscillograph records, it was possible to read 
amplitudes to an accuracy of 0.010 inch and time to 0.0004 second. At 
37 cps, these values correspond to a reading accuracy of about 1.0 per- 
cent in smp&itude and 1.5 percent in frequency arid phase angle, or a 
maximum possible phase-angle error of about 5.3’. 

The static calibration of the inaividual cells had an accuracy of 
f2 percent. Since the error was random, the precision of the sum- 
circuit calibratfon would be expected to fall tit&in this limit. The 
sum-circuit calibration was found to change slightly during each run, 
with an average change of &3 percent; consequently, an average of the 
calibrations made before and after each run was used in reduction of 
the data. 

To provide a specific. indication of the accuracy of the sum cir- 
cuit, a harmonic analysis was made of-the oscillograph traces from 
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the individual cells and from the sum circuit on a typical record. The 
magnftude of -thehInge moment calculatedfromthe individual cells was 
within 2 percent of the hinge moment indicated by the sum trace 5x1 all 
harmonics up to the fifth. In addition, the chordtise variation of 
pressure indicated by the individual cells was plotted for several 
typical records, s.nd several curves were faired through the points for 
each pressure distribution. Integration of the various curves showed 
a deviation of less than 2 percent from the hinge moment indicated by 
the sum-circuit trace. 

The only criterion used in the selection of records to be analyzed 
was that all pressure cells were functioning properly and that no large * 
change in calibration occurred. 

The reduced data from the investigation are tabulated for 0' angle 
of attack in table I, and for ho angle of attack in table II. 

RESULTS AND MSCUSSION 

The results aud the discussion have been grouped in two sections: 
The first is a comparison of results with those of a previous low-speed 
investigation and with~incmpressible and compressible-flow theories; 
the second is concerned with the observed deviatfons from theory at 
transonic speeds. 

Subsonic Results 

Coqarison with previous results at low speeds.- The results for 
0.2 and 0.4 Mach number sze c oqpared in figure 5 with data from a 
previous investigation at low speeds and O" &gle of attack reported 
in reference 6; The data shown frcm the previous Investigation are 
for flap-chord to wing-chord ratios of 0.40 and 0.10, as compared to 
the 0.25 ratio of the present investigation; and for the same aqlitude 
of oscillation of 3O as of the present results. To present the data 
for 0.2 and 0.4 Mach nmibers fn the same form as the commonly used nota- 
tion of reference 6, the hinge-moment coefficients chg were divided 
by a*, and were plotted as a function of reduced velocity V/wb. 
In figure 5, and fn subsequent figures, the theoretical curves for 
incompressible-flow theory sre values of Theodorsents aerodynsmic 
moment coefficients derfved from reference 4. These are tabulatedby 
Smilg and Wasserman in reference 10. 
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An examination of figme 5 indicates that the general lzends of 

the measured coefficients were skKLar for each investigation. 

Comparison with incompressible flow theory.- Until a Mach nuniber 
somewhat greater than the critical was reached, the results were essen- 
tially fndependent of Mach number and are smear izea infigure 6. in . 
this figure, and in succeeding figures, the hinge+uomnt coefficient, 
the phase angles, and the real and imaginary parts of the hinge-moment 
coefficients are each plotted as a function of reduced frequency wb/v. 
The coefficSnts are expressed in the notation already in common use 
for static hinge moments since this form facilitates perception of the 
physical magnitudes of the flutter derivati.ves. 

In figure 6 the measured magnitudes for the resultant control- 
surface hinge -moment coefficient were quite close to those predicted 
by the theory of Theodorsen, while the phase angles were consistently 
smaller. Since phase angles were so nearly 180°, as shown in fig- 
ure 6(b), the imaginary parts of the-hingekment coefficients corre- 
sponding to aerodynamic damping were of small magnitudes, as shown in 
figure 6(d). It is significant to note in figure 6(d) that aerodynamic 
instability and possibility of single-degree-of-freedom flutter in the 
absence of mchanical dsmping is indicatea by the presence of small 
positive values of the imaglnaiy components 'for sll Mach nuaibers 
above 0.4. 

. . 

Comparison ~5th colqpressible theory.- The measured coefficients 
for 0.7 MEtch nmiber are presented in figure 7. Curves are also pre- 

. 

sented PortheoreticaJ. values based on compressible flow whfch were 
calculated by Mirihinnick in reference-I& -using pietz&s method in ref- 
erence 5. The comparison is made for 0.7 Mach nmiber, since theoreti- 
cal coefficients are not presently avail&bie for other Mach mmibers. 
The measured values of the resultant hinge moment fell below the theo- 
retical values based on cmssible flow, but nearly corresponded to 
the theoretical values based on incompressible flow. However, the 
increase in the magnitude of the resultant hinge moment indicated by 
the compressible-flow theory will be seen to occur in subsequent fLg- 
ures far higher Mach nmibers for values of reduced frequency from 0.075 
to about 0.20. Again, in figure 7(a) the ewrimental imaginary com- 
ponents are seen ta. fall below the values predicted by both the incom- 
pressible and compressible flow theories and are of opposite sign, 
indicating the possibility of single-degree-of-frecti flutter. 

Transonic Results 

Results for supercritical Mach.numbers.- The results for Mach mm- 
bers of 0.725, 0.75, 0.775, and 0.W are presented in figures 8 
t.hrough ILL. A study of these figures Indicates.the sizpble effect of . 
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angle of attack on the Mach nmiber at which fundamental changes in the 
hinge-moment coefficients occur. In particular, a large increase in 
negative aerodynamic uing for a ho angle of attack is evident in 
figure 8 for 0,725 Mach mmiber, while a similar trend is ahown for Oo ' 
angle of attack in figure ll for 0.8 Mach nmiber. Since critical Mach : 
nmibers determined from reference 12 were 0.51 and 0.70 for 4O and 0' 
angles of attack, respectively, the occurrence of instabiliQ for 4' 
angle of attack at a lower Mach number may be attributed to the occur- 
rence of shock waves and attendant flw separation at a lower Mach nUm- 
ber for this angle of attack as compared to 00. Hwever, although the 
theoretical critical Mach ntier is the free-stream value at which sonic 
velocity is first attained on any portion of the airfoil, the flw 
disturbance from the region of supersonic velocity would be expected 
to be small until lift or/and drag divergence is exceeded. Ferefore, 
the data shown infigures 8throu& Uare comparedanddiscussedin 
subsequent figures relative to the Mach number for lift divergence 
since this Mach ntier is more representative of speeds at which the 
flow disturbances became significant. 

Verification of Ned oscillation with free-oscillation 
technique.- The results showninfigure.8 through ll are inqualita- 
tive agreement with previous results such as those reported in refer- 
ences 1, 2, 3, and 7. In these previous investigations, it was shown 
that control-surface oscillation occurred when extensive separation of 
flw on the airfoil surface was caused by shock waves. A time lag dur- 
ing oscillation between shock-nve and control-surface motion, and 
therefore an inferred lag of separation effects or lag in readjustment 
of flw, which could provide a mechanism for negative dan&ng and 
resultant control-surface oscillation, was described in reference 3. 
Since negative aerodynsmic damping implies an input af aerodyna&c 
energy into the system and the possibility of single-degree-of-freedom 
flutter, free-flutter tests were made to provide another means of 
checking the validity of the results of the investigation. 

The results from free-flutter runs are given in figures 9 and Xl.. 
For these runs, the sector arm of the flap was disconnected from the 
spring and oscillate systen and attached to a hydraulic dsmper to 
prevent destruction of the model. With the model at 4O angle of attack, 
a self-excited oscillation occurred from 0.74 to 0.76 Mach number; and 
for O" angle of attack it occurred from 0.79 to 0.81 Mach n&r. The 
results obtained during free flutter showedmagnitudes similar to the 
results obtained while the control surface was driven at nearly the- 
same frequencies. 

c y of supercritical results,- To summarize the effects of 
compressibility for Mach numbers greater than the critical, the result- 
ant hinge-moment coefficients and phase angles sre plotted with M-Mm 

. - 
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asaparam ter in figures 12 and 13 for O" and 4O angles of attack. 
!Ihe lift-divergence Mach nuuibers for the test airfoil, determined from 
unpublishea data from the Ames l- by 3-l/2-foot wind tunnel, were 0.72 
and 0.66 for 0' and Go angles of attack, respectively. 

For the moderate angles of attack included in this imestigation, 
it is apparent from figures 12 and 13 that a characteristic change 
occurred in the trends and magnitudes of the resultant hinge-moment 
coefficients, along with changes in phase angles at Mach nmibers 
approximately 0.06 above the Msch number for lift divergence. Although 
the trends of the resultant hinge-moment coefficients far each angle 
of attack sre similar, as indicated by figures 12(a) and 13(a), it can 
be seen that the trends of the phase-angle curves for O" angle of 
attack are different than for 4O.angle of attack, with more moderate 
changes in-ml-.s fey the.sm&lJerangle of attack. 

CONCLUDING REMARKS 

From an investigation of the control-surface flutter derivatives 
for the NACA 651-213 airfoil with a sinusoidally oscillating flap, the 
following general obsemtfons can be made: 

For Mach nuuibers less than the critical, the magnitudes of the 
resultant hinge-moment coefficients were in reasonable agreement with 
those predicted by the theory of Theodorsen. Phase angles were, hw- 
ever, consistently smaller. For Mach-numbers greater than 0.4, the 
discrepancy in phase angle resulted in imaginary cprqponents of the 
hinge-moment coefficients which were of opposite sign fr.om those pre- 
dicted by the theory. 

FOP Mach numbers exceeding the critical, the trends of the results 
did not follow the predictions of conp?ressible- or incompressible-flow 
theory. The experimental coefficients indicated the possibility of a 
self-excited oscillation or single-degree-of-freedom type of flutter. 
The existence of negative aerodynamic ming for values of reduced 
frequency of about 0.3 was confimned by the existence of free flutter 
of the control surface. For the moderate angles of attack included in 
this investigation, marked negative damping appeared at a Mach number 
approximately 0.06 above the Mach number for lift divergence. 

Ames Aeronautical Laboratory 
National Advisory Comuittee for Aeronautics 

Moffett Fieldi Calif. 

. 
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TAELE I.- REDUCEDDATAFOROOAHGIE OF ATTACK 

M 

0.2 

.4 

.6 

07 

.725 

K 

0.30$. 
:Zg 

1.193 
1.493 
1.763 
2.157 

34.3 -1.073 
66.4 -1.091 
99.3 -1.245 

133.8 -1.345 
167.5 -1.265 
197.8 -1.396 
232.0 -1.783 

,144 
.243 
A-6 
-595 

:ig 
1.015 

2% 
99.6 

134.5 
168.3 
198.6 
229.5 

.lOC 33.9 

.195 66.6 

.2g6 1OO.g 

:E 2E 
.583 199:4 
,667 228.2 

.087 

.172 

.257 
0330 

2; 
.4g1 
.562- 

34.5 
68.3 

101.9 
3.34.5 
165.6 
170.4 
199.6 
228.5 

.083 

.m 

.247 
,322 
.421 
.461 
.530 

34.8 
68.1 

102.9 

z24-E 
195:7 
226.~ 

W 

Forced Oscillations 

8 
% 

191.9 
204.8 

:~a-; 
217:g 
227.4 
222.3 

-0.222 
9.457 

::;Z! 
9.778 

, -1.031 
-1.203 

-.682. 189.9 9.118 
w.750 188.9 -.sl3 
-.766 191.2 -.150 
-.a44 193.9 0.204 
~896 194.8 -229 
9.860 196-g 9.251 
9.830 196.8 9.240 

9.822 

32 
- -791 
-a797 
9.722 
-.713 

183.8 -.067 
175.6 ,059 
182.8 - .039 
181.6 -.022 
180.3 .004 
180.9 -.012 
188.0 -.lOO 

0.796 

::r$ 
-9853 

::g 
9.742 
-.753 

176.0 .04-8 
175.3 .063 
178.8 .018 
173.3 .W9 
172.2 .108 
173.4 .094 
176.6 .044 
181.9 -.025 

-A307 
-.798 
0.832 
9.837 
-.811 
0.809 
-.845 

177.9 
181.9 
182.7 
178.2 
171.3 
179.0 
183.5 

.025 
-.027 

-22 
.=3 
.014 

-.051 

1 
'%r 

-1.051 
-.990 

-1.140 
-1.107 

9.999 
9.947 

-1.324 

::z 

::E 
-.86-i- 
-.822 
-.796 

SE 
-.852 
9.847 
- .791 
9.817 
9.741 
-0753 



NACARM A5lJlO LIZ ,-.-.A 

TAELE I.- CONCLUDED 

13 

M 

0.75 

,775 

-80 

M 

K 

0.079 
-1% 
-232 
,300 
-374 
,449 
,521 

,078 
,147 
,223 
.32 
.370 
.436 
-506 

a73 
,145 
,219 
,282 
-353 
.421 
-49 

Forced Oscilhtions 

W 

-0.788 
9.773 
9.824 

:$gg 
9.797 
9.819 

-.g41 

11% 
9.670 
-.a2 
9.718 
9.702 

-1.134 
-1.l21 
-1.og1 
-1.205 
I:&$ 

9.961 

8 ! -ji 
182.9 

I 
-0.040 

180.5 -.007 
179.4 179.4 .OOil .OOil 
175.7 175.7 ,064 ,064 
175.5 175.5 ,064 ,064 
177.1 177.1 ,041 ,041 

34.1 
68.1 

102.2 

i$-:: 
195:5 
227.1 180.1 

I 
9.002 

34.8 
66.4 

loo.7 
134.7 
166.7 
g;.g 

. 

34.0 
67.1 

101.5 
131.4 
164-g 
196.0 
228.5 

180.5 -a008 
171.6 all4 
153.7 -381 
165.2 .1n 
174.6 -057 
183.4 
186.6 

9% 

169.1 
155.0 
146.5 
145.7 
137.9 
168. g 
162.7 

,214 -1.112 
a455 -1.01g 
,602 -.g10 
.680 -a995 

- ::z:: 1:;; 
,286 g-917 

Self-Excited Oscillakions 

%r 
d-787 

9.773 
9.824 
9.850 
-a803 

-:;!g 

1:;:; 

::g 
g-599 
9.717 
-a697 

0.290 
.303 

E-2 -0.gg1 129.0 0.770 -0.624 
l 9.908 130.0 -695 -.584 \ 
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TABISTI.-- REZJUCED DA!IX FOR 4' ANGLE OF A!ITACK 

Forced Oscillations 1 
M 

0.2 

a4 

.6 

-7 

-725 

K 

0.142 

2; 
-95 

1.193 
1.485 
1.780 
2.068 

17.1 
35.1 
68.7 

103.7 
134.0 
166.g 
200.0 
232.4 

-1.357 
-1.344 
-1.305 
-1.456 

2-z 
-1:640 
-2.181 

18O.g 
186.5 
202.3 
202.8 
207.5 
209.3 
214.4 
202.7 

.075 

.148 
,294 
0443 
.583 
.722 
-883 

1.031 

z-1 
68:o 

102.4 
133.5 
165.5 
199.6 
232.8 

9.832 
9.811 
-a814 
9.831 
-.$I4 
9.987 

-1.007 
-.960 

0.046 16.2 
-095 33.4 
-193 67.5 
.28g 101.2 
.380 132;8 
.477 166.5 
.570 198-g 
.657 229.5 

181.3 
185.9 
188.8 
188.0 
190.4 
190.3 

zi-2 . 

183.4 
182.4 
181.5 
180.4 
178.7 
177.6 
173.9 
185.0 

,083 

:2 

:ZZ 
A-86 
,501 

34.1 
67.5 

1OO.g 
133.0 
168;o 
198.4 
204.6 

::g 
9.804 
-.8i3 
9.868 
9.822 
-a820 

172.4 ,127 -a959 
168.2 -179 -a851 
165.8 ,198 -a779 
171.3 .=3 -.&I4 
172.6 .lX -A361 
180.6 -a008 9.822 
185.5 - ,079. 9.816 

,081 34.1 -1.140 171.0 
J59 67.0 -1.1&I 161.0 
,240 101.1 -1.442 142.0 
,314 132.8 -.607 95.2 
.392 165.9 0.576 236.1 
,466 197-o -1.023 197.0 
,542 229.0 -1.2l.l 198-g 

w 0 
c% 

-0.021 
9.153 

::g 
9.718 

1:;; 
9.795 

-1.357 

:;-:g 
-1:342 
-1.376 
-1.413 
-1.355 
-2.035 

-.01g 9.832 
-a084 9.807 
-.I25 9.810 
-a116 -a824 
9.171 -a930 
9.176 -a972 
-.203 9.988 
-a143 -a950 

-.054 
9.036 
0.022 
9.006 

,022 
.040 
-092 

-a072 

::rJ 
9.856 
9.868 
-.9W 
-.g41 
9.863 
9.823 

,180 
.377 

:EZ; 

I:$ 
-a39 

-1.127 
-1.og6 
-.946 
-a055 

3; 
-1.146 



TAhII.- CONCLUDED 

M 
I 

K 

0.75 

.775 

0.815 
l 155 
.231 
,312 
39 
.53-7 

,078 
*150 
,227 
-292 
,362 

I 2% 

Forced Oscillations 

0 

36.1 
a.9 

102.5 
135.2 
168.8 
zs8.g 

w chs 
-1.178 

I;$:: 
2-z 

-1:194 
14919 
118.2 

-.566 253.0 
-.750* 168.7 

-1.15l 176.8 
-1.lg7 167.1 
-1.323 155.5 

-.752 130.1 
-.664 188.6 

I:$.2 
185.1 
179-5 

35.6 
68.6 

103.7 
133.7 
165.9 
199.7 
233.3 

self=Excitea OscKllatioIls 

0.214 
.400 
.712 

1.192 

-:2$ 

.065 

.268 

.548 
0575 

:::g 
-006 

““s, 
-1.159 
-1.241 
-1.232 

2: 
-.735 

-1.149 
-1,166 
-1.204 

-A84 
-.657 
-0 957 
-.744 

0.74 0.281 -1.095 no.6 
z-04 

1.025 -0.385 
074 .286 -1. egg llo.0 I.033 075 293 128:o -1,208 109.5 1.139 I:$? 

. 
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(a) Model mounted ‘between two-Zimmsion&l walls. 

(b) Flap oscillator and drive motor mounted an top of wind 
tLUlIl8l, tith 918Ctr~iC 8qUipItElrt ill -fore-d. 

Figure l.- General vjews of wind -itunnel test section and associated 
8@+Sti-. - -. ' 
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Figure 2.- fh&7rORl#2OtiC Sk8tCh Of f/Op driW8 SySt8m. 

. 



I , 

I 
. 

0 

hklmmd 0 

,Cakukted - 

IO 15 PO 25 

Frequency, f, cps 

30 35 40 

Figure 3.- Comparison of measured and calculated equivalent hinge-moment coefficients 

due to lnertio forces on pressure cell diaphragm for 0.75 Mach number. 
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T-hdhxtes to surface of oirfoli. 
Number preced ng tetier fndicoks percenf Chord P 

’ 

. 

-  

.  t . .  

I -  

-  

(al Flap txtciilating at PI.13 cycfus per second #hrough an incfua&l anOf 
of 5.72 M,O.40 

L 

F/gum 4.-Typical oscihgraph records of the pressure fhctmthns 
on the flap of fhe NACA 65,-Z/3 a/r/o//. 0, 4” 
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0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

Raduced velocity, $, --- 

(a) Hinge-moment coefficient as a functhn of reduced velocity. 

Figure 5.- Comparison of low speed control- surface flutter derivotiwes for 
NACA 65,-P/3 and NACA 0010 airfoils: 
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lb) Phase angle of hinge-moment coefficient as a function of reduced velocity. 

Figure 5.-Continued. 
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(cl Real component of hinge-moment coefficlenf as a function of reduced velocity. 

Figure 5.- Continued. 8 
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(d/ Imaginary component of hinge-moment cosfflclent OS e function of reduced 
ve/oci ty. 

Figure 5.-Concluded 
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(0) Hinge-moment coefficient as a function of reduced frequency. 

Figure 6.-Comporlson of control-surface f/utter derlvotlves for NACA 65t-213 
airfoil with incompressible flow theory. e, 0: 4’ 
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16) Phase angle of hinge-moment coefficient as a function of reduced frequency. 

Figure 6.-Continued. 
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(cl Real component of Mnge-moment coefficient as o function of reduced frequency. 
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figure 6.-Continued. 
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(d/ /mo#/n~ry component of h/nge-moment coeffkient OS o function of reduced frequency. ii+ 

Figure 6. -Conc/uded. 
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Reduced frequency, K, 9 

(4 Hinge-moment coefficient OS o function of reduced frequency. M,O,70 

figure Z-Comparison of control-surface flutter derivothes for NACA 6~-213 

airfoil wltb compressible and incompressible flow theory. a, Of 4” 
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fb) Phase angle of hinge-moment coefficient as a function of reduced frequency. M, 0.70 

Figure Z-Continued. 
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(c) Real component of hinge-moment coefficiefit OS a function of reduced frequenq M,O.70 

Figure Z-Continued. W 
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(d) lmagihary component of binge-moment coefficient as o function of reduced frequency. 
MI 0.70 

Figure Z-Concluded. 
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Ia) Hinge-moment coefficient OS a function of reduced freqaency. M&725. 

Figure 8.-Supercritrcbl control - surface flutter derlvatlves for NACA 

65,-P/3 oirfoil. M, 0.725 E 
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Figure 8.-Continued. 
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(c) Real component of hinge-momeni coefficient as a function of reduced frequency, 
M, 0.725 

Figure 8.-Continued. 
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Figure 8.- Concluded. 
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(0) Hinge-moment ‘coefficient as a function of rduced frequency MA?75 

figure 9.- Supercritical control - surface’ flutter derivatives for NACA 
65, -f/3 airfoil. M, 0.75 Y 
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(b) Phase angle of hinge-moment corfficient as a function of reduced frrqurncy. 
M&75 

Figure 9.-Continued. 
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(c) Real component of hinge-moment coefficient as a function of reduced frequency. 

M,C?75 

Figure 9. -Continued. 
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(d) fmaginory component of hinge-moment coefficienf as a function of reduced frequency. 
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Figure 9.-Concluded. % 
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(0) Hinge-moment coeif/cient OS a function of reduced frequency. 40.775 

Figure IO.-Supercritical control - surface flutter derivatives for NACA 
65, -213 oirfoll. M, 0.775 
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Figure /O.-Continued. 
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Figure /O.-Contheo! 
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(d) Imaginary component of hinge-moment coefficient as a function of reduced 

frequency. M,O775 

Figure /O.-Concluded 
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Figure I/.-Supercritlcol control - surface flutter derivatives for NACA 
65,-Z/3 airfoil. A/, 0.80 ;F; 
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(6) &ase angle of hinge-moment coefficient as a function of reduced fre~ency. 

M, 0.80 

Figure //.--Continued. 
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(d) Imaginary component of htnge-moment coefficient as o function of reduced 

frequency. M, 0.80 

Figure / I. - Concluded 
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/uj Hinge-moment coeff/c/ent OS o function of reduced frequsncy for Mocb 
number increments above the Mach number for lift divergence. a, 0” 

Figure /2.-Summary of supercr/f/eal control-surface flutter derivatives. a, 0’ 
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(b) Phase angle of hinge-moment coefficient as a function of reduced frequency 
for Mach number increments above the Mach number for Iift divergence. 
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Figure /2.-Concluded. 
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Figure N.-Summary of supercritical ,confro/-surface f/utter derivutives for MACA 
65,-P/3 oirfoif. a, 4’ ul P 
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